Backgound-Flow-induced regulation of endothelial NO synthase (eNOS) depends on integrin signaling and tyrosine kinase activation. Integrins cluster in focal adhesion complexes, where the extracellular matrix is connected to the cytoskeleton and where focal adhesion kinase (FAK) is located. FAK plays a central role in integrin signaling and Src activation. Accordingly, we hypothesized that FAK plays an important role in flow-induced dilation (FID). Methods and Results-To inactivate FAK-dependent signaling, anti-FAK, phosphospecific (Tyr 397 ) antibody (FAKab), which binds against the FAK autophosphorylation site, was incorporated into endothelium of rat coronary arterioles using liposomal transfection. The responses to flow, acetylcholine (Ach), or the NO donor MAHAMANONOate (NOC-9) were observed before and after FAKab. In control and vehicles (denatured antibody or transfecting reagent alone), flow produced progressive dilation to a maximal value of 35% increase in diameter, which was inhibited by N -nitro-L-arginine methyl ester (L-NAME). However, FAKab prevented FID (PϽ0.01 versus control). Combined treatment with FAKab and L-NAME did not produce inhibition greater than FAKab alone. FAKab did not blunt Achor NOC-9 -induced dilation. Western analysis demonstrated that FAKab prevented flow-induced phosphorylation of FAK (pY397-FAK), Akt (pS473-Akt), and eNOS (pS1179-eNOS). Key Words: coronary microcirculation Ⅲ resistance vessels Ⅲ nitric oxide Ⅲ Akt F luid shear stress is one of the main physiological stimuli that regulates function of vascular endothelial cells (ECs). 1 The effect of shear stress on vascular caliber is also termed flow-induced dilation (FID) or shear stress-induced dilation. 2, 3 In the absence of endothelial dysfunction or cardiovascular disease, FID in coronary arteries and arterioles is mediated by the production of NO from endothelial NO synthase (eNOS). 4, 5 Integrin signaling plays an important role in flow-induced regulation of eNOS. 6 Previous work from our laboratory demonstrated that inhibition of integrin signaling using ␤ 3 integrin antibody or an antagonist to the matrixintegrin binding site (RGD peptide) attenuated FID and tyrosine phosphorylation of ECs in coronary arterioles. 6 Src activation is also important in flow-induced eNOS regulation. 7, 8 In cultured ECs, pharmacological inactivation of Src reduced the phosphorylation of phosphatidylinositol 3-kinase (PI3K), Akt, and eNOS. 8, 9 In addition, we reported that inhibition of tyrosine kinases compromises FID. 6,10 Also critical to this integrin-activated pathway is the cytoskeleton to which the integrins are coupled, and along this line, disruption of the cytoskeleton was found to impair flowdependent dilation. 11
F luid shear stress is one of the main physiological stimuli that regulates function of vascular endothelial cells (ECs). 1 The effect of shear stress on vascular caliber is also termed flow-induced dilation (FID) or shear stress-induced dilation. 2, 3 In the absence of endothelial dysfunction or cardiovascular disease, FID in coronary arteries and arterioles is mediated by the production of NO from endothelial NO synthase (eNOS). 4, 5 Integrin signaling plays an important role in flow-induced regulation of eNOS. 6 Previous work from our laboratory demonstrated that inhibition of integrin signaling using ␤ 3 integrin antibody or an antagonist to the matrixintegrin binding site (RGD peptide) attenuated FID and tyrosine phosphorylation of ECs in coronary arterioles. 6 Src activation is also important in flow-induced eNOS regulation. 7, 8 In cultured ECs, pharmacological inactivation of Src reduced the phosphorylation of phosphatidylinositol 3-kinase (PI3K), Akt, and eNOS. 8, 9 In addition, we reported that inhibition of tyrosine kinases compromises FID. 6, 10 Also critical to this integrin-activated pathway is the cytoskeleton to which the integrins are coupled, and along this line, disruption of the cytoskeleton was found to impair flowdependent dilation. 11 Although the roles for integrins and the downstream kinase cascade (SrcfPI3KfAktfeNOS) activated by shear stress are fairly well established, [12] [13] [14] [15] [16] [17] the connection between integrin signaling and the downstream kinases has not been established in FID. Focal adhesion kinase (FAK) plays a central role in integrin signaling and Src activation. 18 -20 FAK is a 125-kDa cytosolic protein nonreceptor tyrosine kinase localized in the focal adhesion complexes. 21 The focal adhesion complexes also are points where integrins bind externally to extracellular matrix proteins and internally to cytoplasmic proteins that are bound to the cytoskeleton. Shear stress also activates and clusters integrins at focal adhesions, which results in rapid phosphorylation of FAK at Tyr 397 . [21] [22] [23] Tyr 397 is the autophosphorylation site of FAK, and this phosphorylation event is essential for downstream signaling. 9,18,24 -29 FAK activation generates a high-affinity binding site to the SH2 domain of Src family tyrosine kinases and causes recruitment and activation of Src. 18, 19, 30 FAK activation also leads to activation of PI3K, which binds to SH2 domain of FAK. 9,27,30 -33 Accordingly, we hypothesized that FAK plays a critical role in FID and eNOS activation via the PI3K-Akt pathway. In the present study, we demonstrated that inhibition of FAK signaling prevents FID and phosphorylation of Akt and eNOS.
Materials and Methods

General Preparations
Male Wister rats (125 to 175 g; Harlan; Indianapolis, Ind) were anesthetized (sodium pentobarbital; 100 mg/kg IP). The chest was opened, and the heart was removed and placed in chilled (4°C) physiological saline solution (PSS). 33 
Isolation of Coronary Arterioles
Coronary arterioles (75 to 128 m) were dissected from the interventricular septum. Arterioles were cannulated with glass micropipettes (tip diameter 45Ϸ65 m), which are connected to hydrostatic reservoirs filled with PSS with 1 g/100 mL of BSA. Arterioles were pressurized at 60 mm Hg and incubated with PSS to develop spontaneous tone. Changes in diameter of arterioles were measured by videomicroscopy. 34 -38 
Incorporation of Antibody Into Endothelium
To inactivate FAK, we incorporated FAKab into endothelium of coronary arterioles 38 using polycationic liposome transfection reagent Lipofectamine 2000 (Lipo2000; Invitrogen). The FAKab/ Lipo2000 complex was applied intraluminally.
Measurement of Vasodilatation
After development of spontaneous tone, responses to flow (generated by producing a pressure drop across the arterioles by raising and lowering reservoirs connected to the inflow and outflow pipettes in equal but opposite directions [⌬Pϭ4, 10, 20, 40, Ϫ8 to 1ϫ10 Ϫ5 mol/L) were measured before and after N -nitro-L-arginine methyl ester (L-NAME), denatured antibody (DN-ab), and Lipo2000 without FAKab or FAKab. Percent dilation was calculated as the percentage increase in diameter from basal. In this regard, because the vessels developed spontaneous tone of Ϸ40% on average (40% reduction in diameter from passive state), dilation of 40% would be maximal.
Shear stress () is calculated from the equation where ϭviscos-ity, vϭvelocity of flow, and rϭradius of the arteriole: ϭ4v/r.
In this paradigm, velocity of flow is derived from the ⌬P, which is linearly related to flow.
Western Blotting
Five groups were analyzed: control, flow, flowϩFAKab, pressure, and pressureϩFAKab. The duration of flow was 1 minute (generated from 60 cm H 2 O of ⌬P). In pressurized groups, arterioles were pressurized at 60 mm Hg for 30 minutes after treatments. Six coronary arterioles were pooled to obtain sufficient amounts of protein. Western blotting was performed to assess the expressions of total FAK and Akt and phosphorylation of Tyr -eNOS. 40, 41 Densitometric analysis (band sizeϫintensity of the signal) were performed on the signals using a Bio-Rad Versadoc imaging system.
Statistical Analysis
Differences within and between groups were determined using 2-way ANOVA for repeated measures with Fisher's post hoc test. Results are presented as meanϮSD, and statistical significance was deemed to have been achieved when PϽ0.05.
Results
Vasodilatory Responses
Coronary arterioles developed tone spontaneously in response to intraluminal pressure at 60 mm Hg (69Ϯ2% of the passive diameter). Administration of FAKab/Lipo2000 complex, Lipo2000 without antibody, or denatured FAKab/ Figure 1 shows the effect of NOS inhibition on FID. FID was significantly attenuated in the presence of L-NAME. This result shows that FID is largely mediated by NO production in rat coronary arterioles. Figure 2 shows the results of the control vehicle experiments. Administration of lipofectamine alone (Figure 2A and 2B) or a combination of lipofectamine with DN-Ab ( Figure   Figure 1 . FID of rat coronary arterioles in the presence or absence of L-NAME (50 mol/L; nϭ7). *PϽ0.01, control responses vs after NOS inhibition with L-NAME. L-NAME significantly attenuated FID of rat coronary arterioles. The baseline diameter (without flow) was not changed by L-NAME: 69Ϯ15 m (control) vs 73Ϯ14 m (L-NAME); meanϮSD. 2C and 2D) did not influence dilation to flow or to Ach. Thus, endothelium-dependent vasodilation to flow or Ach was not affected in a nonspecific manner by our maneuvers or the introduction of protein into ECs. Figure 3 shows the effect of blocking FAK-dependent signaling (by the use of the FAKab) on FID and Ach-induced dilation. In control preparations, FID was graded and dependent on the level of flow ( Figure 3A ; maximal response 38Ϯ5% increase in diameter). Treatment with FAKab significantly attenuated FID ( Figure 3A ; maximal response 15Ϯ4%; PϽ0.01 versus control; nϭ10). Addition of L-NAME to the FAKab treatment (nϭ4) did not further reduce the dilation (data not shown). The percentage differences in dilation at ⌬P of 4, 10, 20, 40, and 60 cm H 2 O between the 2 interventions were 1.1Ϯ0.6%, 0.6Ϯ0.4%, 0.22Ϯ0.2%, 0.5Ϯ0.3%, and 0.0Ϯ0.2%, respectively (all NS). Thus, even with the combination of L-NAME and FAKab, a component of shear stress-dependent dilation remained. Figure 3B also shows that Ach-induced dilation was not affected by the FAKab (Pϭ0.437; nϭ10). Figure 4 shows that FAK inhibition had no effects on vasodilation to the NO donor NOC-9 (Pϭ0.625; nϭ4), indicating that the incorporation of FAKab did not affect the dilation to NO. These data demonstrate that inhibition of FAK signaling prevents NO-mediated FID but not agonist (endothelium-dependent or -independent)-induced dilation.
Phosphorylation of FAK, Akt, and eNOS
Western blotting for FAK and Akt protein and phosphorylated forms of FAK, Akt, and eNOS is shown in Figure 5 . The signals for total Akt and FAK protein were virtually identical in all groups. However, flow increased pY397-FAK, pS473-Akt, and pS1179-eNOS above that in all other groups ( Figure  5 ). Inhibition of FAK signaling by FAKab incorporation prevented flow-induced phosphorylation of FAK, Akt, and eNOS.
Discussion
The new finding of the present study is that FAK plays a critical role in FID of rat coronary arterioles. We demonstrated that FID is impaired by inhibition of FAK signaling through the incorporation of an antibody directed against the autophosphorylation site of FAK into ECs. FAK inhibition also reduced flow-induced phosphorylation of Akt at Ser 473 and eNOS at Ser 1179 , which is consistent with preventing flow-induced activation of Akt and eNOS. These results indicate that FAK is a key molecule involved in the mechanotransduction of shear stress that culminates in NO production.
In various organs and species, flow-or shear stressinduced vasodilation is an ubiquitous phenomenon in vessels ranging from tiny precapillary arterioles to large arteries. 1, [35] [36] [37] [38] [39] In the absence of vascular disease and compromised Table. endothelial function, NO is considered one of the most important effectors of FID. 4, 5 Fluid shear stress plays an important role in the maintenance of the function and structure of the vessel. 1 Despite this importance, the mechanism of shear stress sensing, transduction, and signaling is not completely understood.
Integrin signaling and tyrosine kinase activation play important roles in flow-induced regulation of eNOS. 6, 10, [42] [43] [44] However, the link between these signaling events in FID has not been established, despite the observation that FAK plays a central role in integrin signaling and Src activation. 8, 18, 19, 23, 45 Autophosphorylation of FAK at Tyr 397 is involved in FAK activation, and this site is critical for the docking of Src family tyrosine kinases and its activation. 18, 19, 23, 29, 33, 45 Shear stress rapidly activates several tyrosine kinases, including FAK, the Src family kinases, proline-rich tyrosine kinase (Pyk2) and vascular endothelial growth factor receptor 2 in ECs. 8, 18, 19, 45, 46 In addition, pharmacological inactivation of Src prevents the phosphorylation of PI3K, Akt, and eNOS. 8, 9 A previous report from our laboratory demonstrates that inhibition of integrin activation prevents FID and tyrosine phosphorylation in ECs of porcine coronary arterioles. 6 In the present study, we demonstrate that inhibition of FAK autophosphorylation significantly prevents FID. Our present findings suggest that tyrosine autophosphorylation of FAK is essential for flow-induced NO-mediated dilation, and that FAK is likely involved in the integrinmediated mechanotransduction of shear stress.
We also observed that the antibody that targets autophosphorylated FAK reduced its autophosphorylation. Our explanation is that the antibody is developed against a sequence of amino acids that flank Tyr 397 and the phosphorylated tyrosine; thus, there is a likelihood that the antibody can bind to the autophosphorylation site, even without the tyrosine being phosphorylated (but with lower affinity than when the residue is phosphorylated).
Recent reports demonstrated that inhibition of PI3K reduced NO-dependent FID. PI3K is activated on Src-induced phosphorylation of p130Cas, which allows the p85 and p115 subunits of PI3K to dock and become activated. 9, 27, [31] [32] [33] 47 PI3K activates Akt by phosphorylating at Ser473, and Akt phosphorylates eNOS, which then induces NO production. [12] [13] [14] [15] [16] Our results connect well with this scheme; specifically, FAK-initiated signaling, critical for Src activation, is a prerequisite for FID. We also demonstrated that the flowinduced phosphorylation of Akt and eNOS is blocked by antagonism of FAK-dependent signaling. Our data suggest that shear-induced autophosphorylation of FAK initiates a signaling pathway involving activation of Akt and eNOS in coronary arterioles.
Another result that bears on conclusion about the role of FAK in shear stress-dependent NO-mediated dilation was our finding that the inhibition of FID by the combination of L-NAME and FAKab had no further effect than the antibody alone. This implies that the inhibition is along a series of biochemical steps, as we have proposed, rather than parallel pathways. We say this because if the pathways were parallel, we would have expected an additive effect, but this was not observed. Furthermore, this remaining component of FID appears to be independent of FAK signaling and NO production; thus, there may be alternative mechanisms responsible for the production of other endothelium-dependent dilators, endothelium-derived hyperpolarizing factor, or prostacyclin by shear. Although this component of dilation was small, under conditions such as chronic inhibition or loss of NO, these alternative endothelial dilators may assume a primary role. 48, 49 A point we would like to mention is that we used 6 arterioles in each group for the Western analyses. This number of vessels was essential to provide 20 g of protein for loading to allow reprobing of the membrane with the various antibodies. Although a disadvantage of pooling the vessels is that we essentially have a sample size of 1 for each treatment in the Western analyses, the pooling of vessels allows us to evaluate Akt, FAK, pY397-FAK, pS473-Akt, and pS1179-eNOS in the same pooled samples. Although we could not probe for total eNOS protein, we believe that the total eNOS protein was similar among the different treatment groups because total FAK and Akt and the total amount of protein loaded per lane were equivalent. We perfused arterioles with antibody/liposome reagent complex intraluminally to confine the effects of the FAKab to the arteriolar endothelium. Therefore, we opine that the change in phosphorylation of FAK and Akt represent signals from ECs. Moreover, pressurization (which would reflect primarily smooth muscle) did not affect the signals, but phosphorylation was affected by flow. These observations further strengthen our argument that the effects of FAKab were localized to the endothelium.
It is known that FAK plays central roles in integrin signaling and Src activation. 18 -20,25,30,45 Activation of FAK is enhanced by various stimuli such as shear stress, cyclic stretching, vascular endothelial growth factor, angiopoietin-I, ␣ v ␤ 3 , or ␤ 1 integrins. 12,24 -26,28,47,50,51 The question of how FAK selects and regulates the signaling between multiple stimuli and multiple downstream outcomes is key 19 but remains unanswered. However, we can state with conviction that in the present study, we demonstrated a critical role for FAK in flow-induced signaling mechanisms leading to vasodilation.
In summary, inhibition of FAK signaling by interfering with the autophosphorylation at Tyr 397 impairs flow-or shear stress-dependent dilation. Also, inhibition of FAK signaling prevents flow-induced phosphorylation of Akt at Ser 473 and 
